Abstract Heat-related illness and injury are becoming a growing safety concern for the farmers, construction workers, miners, firefighters, manufacturing workers, and other outdoor workforces who are exposed to heat stress in their routine lives. A primary response by a cell to an acute heat shock (HS) exposure is the induction of heat-shock proteins (HSPs), which chaperone and facilitate cellular protein folding and remodeling processes. While acute HS is well studied, the effect of repeated bouts of hyperthermia and the sustained production of HSPs in the myoblast-myotube model system of C2C12 cells are poorly characterized. In C2C12 myoblasts, we found that robust HS (43°C, dose/time) significantly decreased the proliferation by 50% as early as on day 1 and maintained at the same level on days 2 and 3 of HS. This was accompanied by an accumulation of cells at G2 phase with reduced cell number in G1 phase indicating cell cycle arrest. FACS analysis indicates that there was no apparent change in apoptosis (markers) and cell death upon repeated HS. Immunoblot analysis and qPCR demonstrated a significant increase in the baseline expression of HSP25, 70, and 90 (among others) in cells after a single HS (43°C) for 60 min as a typical HS response. Importantly, the repeated HS for 60 min each on days 2 and 3 maintained the elevated levels of HSPs compared to the control cells. Further, the continuous HS exposure resulted in significant inhibition of the differentiation of C2C12 myocytes to myotubes and only 1/10th of the cells underwent differentiation in HS relative to control. This was associated with significantly higher levels of HSPs and reduced expression of myogenin and Myh2 (P < 0.05), the genes involved in the differentiation process. Finally, the cell migration (scratch) assay indicated that the wound closure was significantly delayed in HS cells relative to the control cells. Overall, these results suggest that a repeated HS may perturb the active process of proliferation, motility, and differentiation processes in an in vitro murine myoblast-myotube model.
Introduction
An inevitable routine muscular activity, worsening climatic and environmental conditions, increasing chronic illnesses, and several other lifestyle preferences increase the ambient temperature shift and/or thermal stress. Thus, an adaptation to heat stress is regarded as one of the fundamental requirements of cellular life. The defense response to heat at the individual cellular level is mediated by the evolutionarily conserved and abundant group of proteins called the heat shock Daniel J. Bolus and Gobinath Shanmugam equally contributed to this study.
proteins (HSPs), which mediate a variety of functions ranging from housekeeping to stress modulation and cytoprotection (Parsell and Lindquist 1993) . Under stress, the HSPs exhibit chaperone-like activity ensuring both the fidelity of protein folding and prevention of toxic aggregation of various target proteins (Bakthisaran et al. 2015) . Moreover, HSPs have been found to play diverse roles in the cell including protein trafficking, cytoskeletal interactions, redox control, and apoptosis (Taylor and Benjamin 2005) . A consistent theme, however, among heat shock (HS) research is that the HS response is one of the most common yet critical cytoprotective mechanisms for maintenance of the proteasome and overall cell health during conditions such as heat exposure (Bakthisaran et al. 2015; Parsell and Lindquist 1993; Richter et al. 2010; Taylor and Benjamin 2005) .
Numerous studies have implicated HSPs in the pathogene s i s o f a b r o a d s p e c t r u m o f h u m a n d i s e a s e s . Cardiomyopathies, neuropathies, myopathy, nephropathy, infectious, and several inflammatory disorders have been shown to result from either mutation and/or dysregulation of HSPs (Benndorf et al. 2014; Boncoraglio et al. 2012; Buraczynska et al. 2009; Datskevich et al. 2012; Multhoff 2006; Rajasekaran et al. 2007 ). Interestingly, HSP induction by acute HS has been reported to protect muscle damage (Vardiman et al. 2015) and cardiac dysfunction (Radford et al. 1996) . Most of these protective roles of HSPs are linked to their ability to act as cell chaperones.
While the acute or moderate HS can be managed physiologically by the endogenous defense systems, severe and/or continuous heat stress, accompanied by over-expression of certain heat shock proteins, overburdens the physiological maneuvers leading to ineffective defense, organ damage, and lethality (Dehbi et al. 2010) . For example, repeated cycles of hyperthermia were shown to dramatically increase HSP production when compared to a single, acute HS, resulting in enhanced apoptosis (Haghniaz et al. 2015) . Prolonged exposure to heat stress has been shown to increase the production of reactive oxygen species (ROS) in skeletal muscle (Azad et al. 2010 ) that can enhance various deleterious consequences such as protein modifications, proteolysis, autophagy, and inflammation and affect skeletal muscle physiology (Montilla et al. 2014; Dodd et al. 2010; McClung et al. 2010; Whidden et al. 2010) . Thus, studying the reaction of muscle cells to chronic heat exposure has far-fetching applications because (i) muscular work is an unavoidable part of life that elicits core and muscle temperature change and triggers metabolic heat production and (ii) huge population of individuals (farmers, construction workers, miners, firefighters, etc.) exposed to HS continually in their daily lives. A key ingredient to muscle movement, healing, and regeneration are myoblast cells. Myoblasts form a reservoir of cells that can undergo proliferation and differentiation and fuse to form new muscle fibers, restoring muscle health.
Very relevant to the current study is that the myoblastmyotube model of C2C12 cells that has been widely used in the past to investigate the acute or moderate effect of heat shock and HSPs on different aspects of myogenesis (Liu and Brooks 2012; Singh et al. 2010; Sun et al. 2005; Straadt et al. 2010; Ito et al. 2001) . However, less investigated is the change induced by repeated and/or multiple bouts of HS and sustained activation of HSPs in the myoblast-myotube model of C2C12 cells. Therefore, in the current study, we tested how the vital cellular processes, such as proliferation, differentiation, and regeneration (migration) of C2C12 myoblasts respond to repeated HS.
Methods

Reagents
The antibodies for heat shock family proteins including HSP25 (ADA-SPA-801-F), HSP70/72 (ADA-SPA-812-F), and HSP90 (ADA-SPA-836-F) were purchased from Enzo life sciences (Farmingdale, NY). CRYAB (ab13496) was bought from Abcam (Cambridge, MA) and GAPDH (D16H11), p38 MAPK (8690), Phospho-p38 MAPK (Thr180/Tyr182; 4511), , and Cleaved Caspase-3 (Asp175; 9664) from Cell Signaling Technology (Danvers, MA). The immunoblot anti-rabbit (PI-1000) or mouse (PI-2000) secondary antibodies of horse-radish peroxidase conjugated with IgG were from Vector Laboratories (Burlingame, CA). Quantitative PCR primers were designed using Harvard medical school Primer Bank website and bought from Integrated DNA Technologies (IDT) (Coralville, IA). All other chemicals were purchased from Sigma-Aldrich unless otherwise stated.
Cell culture and HS exposure
C2C12 myoblast cells were cultured in proliferation medium DMEM (Gibco) supplemented with 10% FBS and differentiation medium (DMEM supplemented with 2% horse serum). Proliferation medium (PM) or differentiation medium (DM) was replaced daily. Cells were heat shocked at 43°C for 1 h/ day. The temperature 43°C was chosen for the recurrent HS was based on the studies (Tang et al. 2005; Sonna et al. 2002) . This HS treatment was specifically chosen such that we obtain and study the responses of robust heat shock rather than the mild HS at 41°C by (Finka et al. 2015) . Further, the reason for shorter (per day) treatment in contrast to (Finka et al. 2015) is to give the cells enough time to recover before the next day's HS exposure. When not undergoing HS, the cells were kept at a constant 37°C with 5.0% CO 2 in a Heracell 150i CO 2 incubator (Liu and Brooks 2012) .
Experimental plan
Two basic experiments were performed-one in PM and one in DM-to test the effect of HS on proliferation and differentiation. Images of the cells were recorded every day using a bright field microscopy, and experimental bias was minimized by recording images in the same marked location each day. The experimental plans for proliferation and differentiation are detailed below (Fig. 1a, b) .
Proliferation experiment
For the proliferation experiment, equal numbers of C2C12 cells were plated. On day 0, HS plates were heat shocked at 43°C for 60 min while control plates were maintained at 37°C. On day 1, the plates that were heat shocked on day 0 designated as HS1 (heat shock, 1 day), and control plates were harvested. On day 1, the other batch of plates were subjected to heat shock at 43°C for 60 min, and the control plates were maintained at 37°C. On day 2, plates designated as HS2 and control plates were harvested, while the remaining final batch of plates were heat shocked again for 60 min (43°C). On day 3, the final HS plates (designated as HS3) and control plates were collected. This proliferation experiment was repeated at least three times. Collections occurred 24 h after each HS. Bright field microscopy images were captured on day 0 (PM-0), day 1 (PM-1), day 2 (PM-2), and day 3 (PM-3).
Differentiation experiment
The differentiation experiment followed a similar procedure as the proliferation experiment except that the cells were exposed to differentiation media on day 1 instead of day 0 to allow for adequate cell numbers before cell differentiation. To begin with, C2C12 cells were plated at equal numbers, and after day 1, the cells were completely switched to differentiation media and both the control and heat shock plates were maintained in DM thereafter throughout the experiment. The procedure of repeated heat shock continued up to 6 days of HS (5 days in DM) and was repeated at least three times and collected for protein and RNA measurements. Collections occurred 24 h after each HS. Bright field microscopy images were captured on day 0 (PM-0), day 1 (PM-1), day 2 (DM-1), day 3 (DM-2), day 4 (DM-3), day 5 (DM-4), and day 6 (DM-5).
Cytotoxicity assays
MTT assay was performed in PM to test cell viability after HS. C2C12 cells were cultured in two separate 96-well plates; one for HS cells and one for control cells. Heat shock was performed according to the proliferation experiment (60 min/day; for 3 days). Twenty four hours after each HS, n = 24 HS cells and n = 24 control cells were analyzed by adding 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) (20 μl of 5 mg/ml in PBS). Formazan crystals were dissolved in 100 μl DMSO, and the absorbance was measured at 590 nm. Percentage of viability in HS cells was calculated relative to the control cells on each day.
Apoptosis assay was also conducted by PI staining with annexin-binding buffer. Cells were incubated with the PI solution for 15 min at 37°C and then analyzed by flow cytometry. The proportion of dead cells was determined by the positive control (H 2 O 2 -induced apoptosis), and the gating established by untreated myoblast cells. Data were given as the percentage of live cells in the population. Cell counting for quantifying cell proliferation C2C12 cells were counted, plated equally, and collected on each day according to the proliferation HS experiment. After each collection, the number of live cells was counted using the trypan blue exclusion method. The number of live cells in each plate was then averaged and graphed over each day with error bars representing standard deviation.
Wound-healing assay
A wound-healing assay was performed in PM to test cell recovery after injury. After the C2C12 cells reached 70-80% confluence, a scratch was made in the center of the plate using a 20-μl pipet tip and continued in the general PM experimental setup. Bright field microscopy pictures were taken before and after the scratch, as well as each day up to the third day when the experiment was stopped (Ranzato et al. 2009 ).
Determination of HSPs by immunoblotting
Proteins were extracted from C2C12 cells using whole cell lysis buffer (10 mM HEPES, 200 mM NaCl, 0.75 mM EDTA, 0.75 mM MgCl 2 , and 25% glycerol) containing dithiothreitol (1 mM), phenyl methyl-sulfonyl fluoride (0.1 mM), and protease-phosphatase inhibitor cocktail (Roche and Sigma-Aldrich). Proteins were clarified by centrifugation at 6000 rpm for 5-6 min. Equal concentrations of protein lysates were mixed with 4× loading dye containing 5% β-mercaptoethanol (Bio-Rad, Hercules, CA, USA) and boiled the samples for 5-6 min followed by separated with home-made SDS-PAGE (10-12%) gels. Proteins were then electro-transferred onto a PVDF membrane (Immobilon-P IPVH00010; EMD Millipore, Billerica, MA, USA) and blocked with 10% (W/V) nonfat milk in 1× TBS-T for at least 2 h. Membranes were then incubated with respective primary antibodies (1:2000) in 1× TBS-T containing 2% bovine serum albumin for overnight at 4°C or 2 h at room temperature (RT). Following 2× 10 min TBS-T washes, the membranes were incubated with anti-rabbit or anti-mouse (1:5000) antibody for 1 h at RT, washed 3× 10 min with 1× TBS-T, then detected by chemiluminescence using an ECL kit (ThermoFisher Scientific). Proteins were normalized to GAPDH. The immunoreactive signals were quantified by densitometry using ImageJ software (Muthusamy et al. 2012; Shanmugam et al. 2016 ).
Determination of mRNA levels
Quantitative PCR analysis was performed on the RNA samples collected from proliferating and differentiating myoblasts. RNA was isolated using an RNeasy extraction kit following the manufacturer's instructions, and cDNA was synthesized with 1.25 μg of RNA using Quantitect cDNA synthesis kit (Qiagen). Messenger RNA (mRNA) levels were quantified using gene-specific primers (1 pmol) and cDNA (50 ng) in a 10-μl final reaction mixture. The genes were amplified (Table 1) and detected using a quantifast SYBR green PCR kit (Qiagen) in a Light Cycler 480 (Roche, Basel, Switzerland). The mRNA expression of Hsp25, Hsp70, Hsp90, and Cryab was determined in both proliferation and differentiation cells; additionally, the expression of Myogenin and Myh2 was performed in differentiation conditions to test the presence of differentiated myoblast cells. Fold change in the mRNA expression was calculated on the basis of cycle threshold (Ct) value, and Gapdh mRNA levels were used for normalization. Relative quantification of transcript levels was plotted as fold difference in gene expression normalized to endogenous reference gene and relative to untreated samples and was calculated using the 2 −ΔΔCT method (Muthusamy et al. 2012; Shanmugam et al. 2016 ).
Cell cycle analysis
C2C12 cells from both proliferation and differentiation experiments were trypsinized, and the cells were fixed in 100% ethanol at 4°C until processing for staining. Cells were then centrifuged and washed in PBS once retrieved from storage. Cells were then stained using a solution consisting of 0.1% TritonX-100 in PBS with 0.02% RNase and 0.002% PI and incubated at room temperature in dark for 30 min. Cells were gated using untreated myoblast cells, and the relative cell population in G1, S, and G2 phase was analyzed by using control cells as a standard (Nakai and Ishikawa 2001) .
Statistical analysis
Data is expressed as the mean ± SEM. To identify the statistical significance between control and their respective heat shocked groups, the data among them was analyzed using Student's t test. In all cases, the differences were considered to be significant at p < 0.05. Statistical analysis was performed using GraphPad Prism software. Experiments involving statistical analysis were conducted with n = 3-4/group or condition.
Results
Multiple heat shock stress inhibits the proliferation of C2C12 cells
In light of the fundamental role of cell number and growth of myoblasts in determining the muscle regeneration (Yablonka-Reuveni et al. 1990 ), first, we determined the effects of HS on the growth of C2C12 mouse myoblasts (Figs. 1a and 2a) . Our results indicate that HS significantly decreased the number of myoblasts by 50% (P < 0.05) on day 1 with a significant difference compared to the control and maintained the same level at days 2 and 3 of HS (P < 0.05). Akin to the cell counting, the cell count was decreased by 25% on day 1 HS that remained same on day 2 with a further decreased to 35% on day 3 HS when compared to the control cells (Fig. 2b) . Further, the effect of HS on proliferation potential of myoblasts evaluated over the course of 3 days by bright field microscopy revealed the presence of lesser number of cells overall in any given field indicating an apparent impairment of proliferation in the HS cells when compared to the control cells (Fig. 2c) . Chronic heat stress does not cause apoptosis or cell death
As the number of cells could be a resultant of induction of cell death, we performed immunoblot analysis of the cleavage of caspase-3, a central death protease of the cascade that cleaves many key cellular proteins. We found the expression of both the cleaved (active) and the uncleaved (inactive) form of caspase-3 remains unaltered under normal and repeated HS conditions in proliferating myoblasts (Fig. 2d) . Further, signs of induction of programmed cell death assessed by propidium iodide (PI) staining followed by FACS remained the same between the control C2C12 myoblasts and HS (data not shown). Moreover, we did not notice a presence of large nuclei and flattened morphology, the typical characteristics of senescence following repeated HS exposure (Fig. 2c) . These results indicate that neither apoptosis nor cellular senescence is a factor in reducing the cell number due to repeated HS in proliferating C2C12 myoblasts.
Recurrent heat stress disrupts the cell cycle
We next determined if the anti-proliferative effect of repeated HS is cell cycle related. Quantitative cell cycle FACS analysis revealed that 1-3 days HS significantly decreased the percentage of cells in G0-G1 phase with a concomitant increase in S phase cells compared to control (p < 0.01, Fig. 3a, b) . Furthermore, the proportion of cells in the G2/M phase was also significantly increased upon repeated HS at the end of day 3 when compared to days 1 and 2 indicating a delay in cell cycle duration, in other words, delaying the entry of cells into mitosis (p < 0.01, Fig. 3a, b) . This implies that repeated HS evokes an antiproliferative effect on C2C12 myoblasts that are grown under normal proliferating conditions.
Repeated heat stress activates transcription and translation of heat shock proteins
Following HS, cells trigger HSP synthesis to protect homeostasis. Hence, we determined whether the proliferating C2C12 myoblasts when heat stressed evokes HS response by stimulating HSPs. The transcript expression of all the three HSPs was found to be significantly increased following HS at the end of day 1 by 1.5 fold that was sustained at or above twofold after 2nd and a 3rd bout of HS (Fig. 4a) . Representative protein expression patterns of HSP25, HSP70, and HSP90 are shown in Fig. 4b . Under unstressed conditions, Western blot analysis indicated that the expression of HSP25 was particularly strong followed by a faint to moderate expression of (Fig.  4b, c) . In response to HS for 60 min at 43°C, the expression of all the three HSPs was found to be significantly elevated on each day (Fig. 4) . Among the three HSPs, HSP70 showed a more pronounced induction (35-fold) than HSP25 and HSP90 (two to threefold) over the basal levels of respective HSPs (Fig. 4b, c) . While the HS-induced expression of HSP25, HSP70 observed after day 1 was maintained at significantly higher levels at the end of 2nd and 3rd day of HS than the unstressed, the expression of HSP90 declined to the basal level at the end of 3rd HS exposure (Fig. 4b, c) . These results indicate that the repeated bout of HS results in sustained elevation of HSP25, 70 with an exception of HSP90 protein in proliferating C2C12 myoblasts.
Prolonged heat-induced stress hampers C2C12 cell differentiation
As C2C12 myoblasts possess the inherent ability to undergo differentiation into mature myofibers that are critical in regenerative processes, we next investigated the effect of HS throughout the myotube development by subjecting the C2C12 myoblasts to differentiation (Fig. 1b) . The microscopic data shows that the unstressed C2C12 myoblasts fused to form smaller myotubes after 4 days in differentiation media that became longer and matured into myofiber structures after days 5 and 6 of differentiation (Fig. 5a) . However, the heat shocked-C2C12 cells were unable to differentiate at all the time points analyzed under conditions that were optimal for its differentiation (Fig. 5a) . Notably, the sign of delayed differentiation was associated with significant reduction in the protein content of myogenin, a muscle regulatory factor involved in differentiation in conjunction with a lowered abundance of Myh2 (type IIa myosin heavy chain isoform), an actin-based motor protein required for cytoskeleton organization and muscle contraction (p < 0.05; Fig. 5b, d ). Further, under differentiation condition, no significant changes were seen among control and heat shock of each group in both the uncleaved and cleaved caspase-3 (Fig. 5e ). With respect to tested HSPs mRNA expression, a profile similar to that observed under proliferation conditions were observed wherein recurrent heat stress significantly induced HSP25 and 70 transcripts while the HSP90 mRNA returned to basal after a 2nd and 3rd bout of HS (Fig. 6a) . The protein abundance of HSPs as measured by immunoblotting demonstrated a sustained increase in HSP25, HSP70 expression following repeated HS than the unstressed (P < 0.05; Fig. 6b, c) , while the expression of HSP90 remained unchanged (Fig. 6b, c) . Sustained heat stress impairs C2C12 cell migration Next, to investigate the role played by concurrent HS on the migrative ability of C2C12 cells, confluent cells grown under proliferative conditions were wound scratched in the presence and absence of repeated HS and wound closure was measured by bright field imaging. In the unstressed condition, the movement of the cells appeared to progress rapidly into the wounded area, and by the end of 2nd day, the gaps were completely closed, while in the HS condition, the density of the cells in the wounded area was low and the wound closure was incomplete still after the end of 3rd day (Fig. 7a, b) . We next determined p38 MAPK activation by measuring its phosphorylation status at Thr180/Tyr182 residue since p38 MAPK activity is recently shown to participate in spontaneous migration of progenitor cells (Hamanoue et al. 2016) . The activity of p38 was found to be significantly decreased at the end of the 1st day of HS that was marked and sustained after repeated exposures on 2nd and 3rd day compared with unstressed C2C12 myoblasts (Fig. 7c) . These results suggest that concurrent HS could reduce the migratory potential of C2C12 myoblasts, thus implying a delayed wound closure.
Discussion
In this study, we show that repeated HS impairs proliferation, differentiation, and recovery after injury in C2C12 myoblast cells. We have also found that multiple HS cycle induces a selective regulatory pattern of sustained increase in HSP25 and 70 with either bimodal and/or unchanged regulation of HSP90 expression in these cells, which is associated with the loss of both mitogenic (proliferation) and myogenic (differentiation) events. In proliferating myoblasts, we also found that recurrent heat stress markedly elevated the expression of CryAB along with inhibition of p38 MAPK activity that could predict an unfavorable condition for growth and migration of cells (Hamanoue et al. 2016 ; Yamagiwa et al. 2003). While a previous HS study focused on the cytoprotective effects of acute heat shock stress (HSS) induced by mild heat shock (HS) (Liu and Brooks 2012) , our study investigated the effects of recurrent hyperthermic episodes. We discovered that repeated HS impairs both proliferation and differentiation while maintaining high levels of selective HSPs throughout HS exposure and 24 h recoveries. An interesting speculation is that the C2C12 myoblast cells might be overreacting to recurrent HS exposure by producing overabundant HSPs that can tilt the homeostatic proteostatic effects to impaired proteostasis (proteotoxic). This is one of many explanations that could explain the plausible cause for myopathies in individuals exposed to chronic HS; a concept that is worth investigating further. We present evidence that the repeated HS reduced the myoblasts proliferation, a prerequisite event for the muscle growth and regeneration (Moss and Leblond 1971) . The retarded growth of C2C12 myoblasts due to repeated HS is not a reflection of cell death and could be a resultant of cell cycle arrest at S phase. Further, the increased total p38α MAPK at the end of a 3rd bout of HS supports the likelihood of restrained proliferation since a similar phenomenon of the presence of p38α MAPK has been documented to restrict the proliferation of satellite cells and their expansion (Brien et al. 2013) . Our data shows, while the total p38MAPK is increased, it is interesting that a blockade of p38 MAPK activity measured in terms of its phosphorylation status is observed after repeated HS. This is in consistent with a finding that showed an inhibition of p38 MAPK activity is related to decreased protein synthesis and repression of the cellular growth in response to a mitogenic stimulation (Yamagiwa et al. 2003 ). This suggests a role for the p38 pathway in recurrent HS-induced C2C12 cytostasis. While the initially increased HSP25 and HSP70 in response to HS was maintained at higher levels after repeated HS, an exception in HSP90 regulation was observed that returned to basal level after repeated HS. Although the mechanism is unclear at this point, the distinct regulatory pattern of HSP90 when compared with HSP25 and HSP70 could be due to the repeated HS-induced cellular localization and distribution that can result in differential post-translational modifications, stabilization, and recycling of these HSPs. This could have an important functional significance in that when HSP90 is needed to interact with its client proteins and maintain its stability and activity; repeated HS suppressing it to basal level could affect the myogenic process of C2C12 cells (Taipale et al. 2012; Wagatsuma et al. 2011) .
We observed that repeated heat stress inhibits the myogenesis process by repressing myogenin content with a concurrent decrease in myosin heavy chain expression and halting differentiation process prior to myoblast fusion. This could be attributed to the observed repression in proliferation, which results in an insufficient number of cells required for myogenesis. Consistent with our findings, an earlier study has shown that antiproliferation of satellite cells induced by angiotensin-II resulted in decreased expression of myogenin along with attenuation of skeletal muscle regeneration (Yoshida et al. 2013) . Our finding related to recurrent HSinduced impairment in myogenic differentiation could be ascribed to pronounced HSP70 induction. Previous reports have demonstrated that HSP70, when released into the extracellular environment, triggers the release of cytokines such as TNF-α, IL-12, and interferon-gamma (IFN-γ) (Todryk et al. 1999) , and these pro-inflammatory cytokines can, in turn, inhibit the myogenic differentiation of C2C12 cells (Langen et al. 2001) . In addition, the hyper-stimulated HSP70 and its release into extracellular environment by inducing IFN-γ may also inhibit myogenesis through a direct inhibition of myogenin in C2C12 (Todryk et al. 1999; Londhe and Davie 2011) .
Typically, cessation of proliferation is associated with concomitant differentiation induction and vice versa (Jones 2007; de la Serna et al. 2001 ) and hence, one might predict that repeated HS would favor myogenic differentiation as mitogenesis is inhibited. Conversely, our experiments confirmed that the repeated HS-induced suppression of proliferation did not trigger C2C12 myoblast differentiation processes. Although it is uncommon, the reason could be attributed to the fact that the HS-induced reduction in myoblasts proliferation presumably could have resulted in fewer myoblast number that are available to differentiate. Thus, our findings imply that repeated HS may (a) hamper the normal progression of myogenesis by perturbing both proliferation and differentiation similar to that seen in Growth and Differentiation Factor Associated Serum Protein-2 (GASP-2) knockdown (Pèrié et al. 2016) , and (b) the mitogenic and myogenic processes need not always be regulated in a mutually exclusive manner, but instead could be subjected to analogous regulation.
Further, we observed a delayed resealing response after the scratch wounding seen in the repeated heat stress condition in association with increased HSP70 and HSP25 expression. While many studies have shown that an activation of HSP70 Fig. 7 Consistent heat stress affects the cell migration. Cells were grown in proliferation media, and a scratch was made in all the plates before the first day of HS. Control group cells were maintained at 37°C, and HS group was incubated at 43°C. a Bright field microscopy images showing the migration and closure of the wound in control cells (upper panel) , while the HS cells demonstrate slow wound closure when compared to control cells, (n = 3-4/group). b Histogram represents the percentage of wound healing on each day. c Immunoblot analysis of p38 and phosphorylated p38 MAPK (Thr180/Tyr182 residue) in control and heat stress cells. d Densitometry analysis for phospho and p38, normalized to GAPDH. Data obtained from n = 3-4/group or condition, and the values are expressed as mean ± SEM and HSP25 results in improved cell migration and wound healing (Yamasaki et al. 2010; Peterson et al. 2016) , we speculate the possible explanations for the dissociation in the HSP induced-successful (acute) vs. unsuccessful (repeated) preservative attempt observed could be due to the lesions of the two cellular effects induced by recurrent heat stress, namely, (i) reduced proliferation combined with stalled cell cycle and (ii) an inhibition of basal p38 kinase that was previously demonstrated to inhibit spontaneous migration of progenitor cells (Hamanoue et al. 2016 ).
Conclusion
Our results show that under recurrent and severe HS, C2C12 myoblasts display a unique state of slow/reduced proliferation along with delayed differentiation without any apparent signs of apoptosis. Further, the impairment of the cellular processes such as proliferation, differentiation, and/or migration of C2C12 cells under conditions of repeated and severe HS occur despite a dramatic and/or sustained increase in HSP. This contrasts with what has been observed during acute HS exposure. Studies related to Bmolecular mechanisms of chronic heatshock stress on muscle differentiation and regeneration would be relevant to our future interest^.
